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Behaviour of Solid Oxide Fuel Cell Materials in Technological Environments
The aims of this work are to study the physical and mechanical behaviour of the SOFC anode and interconnect material and to find out the microstructural changes causing resulting properties of the material.
Experimental part

Materials
Anode ceramics of the YSZ-NiO system After hot pressing refinement of the structure and reducing of the porosity to 1 % have been occurred (Fig. 1b) . and small pores (Fig. 1c) . (Fig. 2a) or subjected to redox cycling (see Table 1 ) [16] . performed (see the scheme in Fig. 2a ) [16] . The heating/cooling rate was 20 °C/min. The X-ray analysis was carried out using DRON-4.0 diffractometer (Fe K) with
Bragg-Brentano-type geometry. The total range of angles was from 20 to 120 degrees. The step was 0.05 degree and total test duration was 8
hours.
The average size of coherent dispersion areas of nickel phase (D) was calculated using the Win CSD program [18] . The spacing between the planes in the atomic lattice (d) of zirconia phase (line 220) was estimated using the Rietveld method [18] , and the residual stresses (r) were evaluated using the equation
where E is Young's modulus and ν is Poisson's ratio; the values of these parameters were selected according to [19] ; d0 is the spacing between the planes in the atomic lattice of zirconia phase (line 220) for the as-received material. Thermodynamics of reactions of nickel phase reduction and oxidation was analysed by calculating the changes in Gibb's free energy (ΔG) using standard data [20] .
Results and discussion
Thermodynamics of the Reduction and Oxidation Stages
It is known [21] that in the temperature range 630-680 °C, a transition from diffusion to kinetic mechanism of oxidation occurs.
Additionally, by analysing the thermodynamics of reduction and oxidation stages, it was revealed that in the temperature range 600-800°C, the change in Gibb's free energy (ΔG) is more negative and the equilibrium constant (К)
is considerably higher for the reaction of nickel oxidation compared to its reduction (see Table 2 ). According to this, we concluded that during redox cycling at higher temperature, the Ni oxidation stage becomes more faster than the NiO reduction one. Thus, the probability of retaining unreduced particles is high, if the reduction period was too short. In such a case, the resulting structure does not meet the requirements on uniformity and, finally, efficiency of an anode substrate. NiO particles (Fig. 3а) . (see Table 1 ).
The substructure of these edgings was evaluated using X-ray data on average size of coherent dispersion areas of nickel phase (D) (Fig. 4(а) ). This parameter was measured as 45 nm. Reduction in strength to 84% of the value for the asreceived YSZ-NiO ceramics (Fig.   4 (c)) is possibly caused by partial structural transformation of nickel phase followed by a little volume decrease. It is displayed in the mixed fracture micromechanism (Fig. 3b) .
Although, no noticeable change of zirconia skeleton was found for this variant of the treatment. Table 1 ). The numbers on the bars indicate the values of corresponding parameters.
As compared to the as-received material, residual stresses did not change as well (Fig.   4(b) ). The electrical conductivity of the material of 2.7·10 5 S/m is provided by thin films of Ni around NiO particles united into the network (Fig. 4(d) ). More intensive reduction of YSZNiO ceramics by the same diffusion mechanism occurs in pure hydrogen (version 2 in Table 1 ).
During 4 h, the structure of completely reduced Ni particles is formed (Fig. 3c) . The substructure parameter (average size D) of these particles was measured as 41 nm that is less than for version 1 (Fig. 4(а) ). Simultaneously, the volume decrease of initial NiO particles of 41.6% occurs [22] . Nanopores on Ni particles formed due to their shrinkage as well as the pores between the particles prevent the rise of residual tensile stresses (Fig. 4(b) ).
Nickel phase transformation followed by volume change and formation of pores causes the loss of a significant percentage of particle bonds and violate material integrity which is displayed in the predominantly intergranular fracture micromechanism (Fig. 3d) . Reduction in strength to 48% of the value for the asreceived YSZ-NiO ceramics is recognized (Fig.   4(c) ). Thanks to complete reduction of nickel phase, the high electrical conductivity ( (Fig. 4(d) ).
Fragmentation of coarse grains of nickel phase resulted in more fine structure of the material treated. The substructure parameter (D) of reduced particles for version 3 was measured as 44 nm which is similar to that for version 1 (Fig.   4(а) ). Thus, no distinct change of substructure of nickel particles was found.
The X-ray data displayed a reduction of 2Θ angle for cyclically treated materials. In accordance with Wolf-Bragg's law
where n is the positive integer and λ is the wavelength of incident wave; the spacing between the planes in the atomic lattice (d) of zirconia phase increases resulting (see Eq. (1)) in considerable relaxation of residual stresses (σr) in the material of versions 3 and 4 as compared to the as-received material (Fig. 4(b) ).
This affects positively the mechanical behaviour of the material, especially of version 3 ( Fig.   4(c) ). The mixed fracture micromechanism was noted in tested specimens of versions 3 ( Fig. 3f) and 4 (Fig. 3h) . The fracture surfaces comprise brittle cleavage areas of ceramic matrix neighbouring to ductile fracture ones of reduced nickel (Fig. 3f) . Like for the NiO ceramics treated [4] , this corresponds to higher cohesive strength between the particles of zirconia and nickel phase as compared to the singly reduced material.
The Treatment Temperature of 800°C
In order to reduce the redox treatment duration, the behaviour of YSZ-NiO ceramics was estimated under redox cycling at 800 °C.
During single exposition of the material in the Ar-5 vol% H2 mixture at this temperature (version 5 in Table 1 ), NiO particles are reduced completely within 1 h ( Table 1 ).
The mixed fracture micromechanism is recognized in the specimens tested (Fig. 5b) . It is similar to the one after the redox treatment of YSZ-NiO ceramics at 600 °C. It also evidences that single reduction at 800 °C does not violate the integrity of the zirconia skeleton and a partial decrease in strength is caused by nickel phase transformation. Table 1 ).
Contrary to the positive effect of redox treatment of YSZ-NiO ceramics at 600 °C, a negative tendency for strength of YSZ-NiO ceramics during the treatment at 800 °C is noted (Fig. 4(c) , version 6). In both cases of the treatment of YSZ-NiO ceramics, the resulting structures are similar (Fig. 6a as compared to Being intact, they are separated by a network of the pores formed during the redox treatment.
Thus, this fracture micromechanism is as energy expensive as the one revealed for the material after the redox treatment at 600 °C (Fig. 3f) . In the unreduced inner layer of the anode transgranular cleavage, a fracture of coarse zirconia and nickel oxide agglomerates dominates, and occasionally, the signs of intergranular fracture along the boundaries of particles of smaller size are observed (Fig. 6c) .
In spite of similar levels of residual stresses in the zirconia phase that were estimated for the entire reduced volume (Fig. 4(b (Fig. 8a, b) .
The oxidation kinetics for Ti3AlC2 based material with 1 % porosity at 600 °C remarkable increases on the first stage of the test (Fig. 7) .
After 15 h the weight gain per unit surface area increases more slowly and after 1000 h exposition is 1.0 mg/cm 2 . oxides and the film thickness was increased (Fig. 8c) , the inward diffusion of oxygen and outward diffusion of Ti and Al became slowly.
As a result the oxidation kinetics was decreased.
Based on these results it can be assumed that the preliminary oxidation to form the protective layer of oxides would improve the oxidation resistance of Ti3AlC2 based materials. The preoxidation at 1000-1300 °C for 2 h provides the formation of a dense film which consists of Al2O3 and rutile TiO2 without anatase TiO2 [25] . In present study the pre-oxidation of Ti3AlC2 based material with 1 % porosity was performed at 1200 °C in air for 2 h. The longterm oxidation resistance was investigated at 600 °C in air for 1000 h. As can be seen from The EDS analysis shows that the content of Ti, Al and Nb in the film of Ti3AlC2 based material with Nb is less than that in the bulk material (Table 3) . On the other hand, the content of Al in the film of this material is significantly less than that of material without Nb. Therefore, it is reasonable to assume that the film of Ti3AlC2 based material with Nb consists mainly of TiO2
and of minor quantity of Al2O3 (Fig. 8d ).
According to [12] , the formation of dense Al2O3 layer is responsible for high oxidation resistance 
